Introduction
Dendrimers 1,2 are perfectly branched monodisperse molecules, which have a well-defined structure and molecular weight. The structure and dynamics of dendrimer is a subject of considerable interest due to their versatile application in various fields [1] [2] [3] [4] [5] ranging from catalysis, drug delivery [6] [7] [8] , lubricants to sensors and as nanoscale scaffold for molecular imprinting 9 and molecular electronics.
Many of these applications rely on the pH responsive behavior of this polymer. As a function of generation PAMAM dendrimer has an exponentially growing number of primary and tertiary amines which can be protonated or de-protonated depending on the pH of the solvent molecules.
Potentiometric tritation studies [10] [11] [12] [13] have demonstrated that at very high pH dendrimer is neutral as none of the primary or tertiary amine group is protonated. At physiological pH 7, most of the primary amines are protonated and by pH 4 all of the tertiary amines are also protonated. The pH controlled charging of PAMAM dendrimer helps it's usage as a perfect binder for negatively charged oligonucleotides or double-stranded DNA 14, 15 which has application in antisense therapy as well as gene therapy [16] [17] [18] [19] [20] [21] [22] . Recent experiments and simulation have proved their efficiency in siRNA complexation [23] [24] [25] [26] [27] as well for siRNA delivery [28] [29] [30] . Among other important application of PAMAM dendrimer where pH responsive behavior is used are for drug delivery 5 ,31 and nanoparticle formation through metal-ion complexation 32, 33 . Dendrimer also find very important applications in HIV inhibition 34, 35 , fighting bacterial infections 36 and driving and controlling various self-assembly process 37, 38 . All the above applications point to the fact that we need to have complete molecular level understanding of the PAMAM dendrimer over entire generation range at varying pH. Starting the early modeling studies by Goddard and co-workers 1, 39 ,40 a number of theoretical and computer simulation studies have been reported on structural properties of model dendrimer under various conditions [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] . These studies gave valuable information concerning size and shape of these polymers. However, properties such as solvent accessible surface area and volume, water contents inside the dendrimer, counterion distribution, effective charges which are critical for various application of dendrimers are difficult to get from such simple model. These require detailed molecular level studies involving explicit water and counterions which are computationally very demanding. Earlier we have reported a detailed study of PAMAM dendrimer up to generation 11 in gas phase using fully atomistic molecular dynamics (MD) simulations 41 .
Han et. al. 42 also reported various structural properties of PAMAM dendrimer up to G7 in explicit D r a f t water. More recently Opitz and Wagner 43 reported a detailed study of PAMAM dendrimer of generations G3-G6 in methanol solution using fully atomistic simulation. We have also reported simulation studies of PTEIM dendrimer in explicit solvent to validate the results from the Small Angle X-ray experiment (SAXS) 44 .Again these studies were limited to lower generation dendrimer (up to G6) and small time scale and none of these studies considered effect of solvent pH. Recently
Larson and co-workers have reported long time scale MD simulation of G5 PAMAM dendrimer in ethanol/methanol solution 45 and calculated the size of the dendrimer under various solvent conditions but they also didn't consider the effect of solvent pH and didn't consider issues like counterion distribution, solvent accessibility and void size distribution. Effect of solvent pH on the structure of dendrimer was first studied by Welch and Muthukumar 46 using Monte Carlo simulation of model dendrimer within Debye-Hückel approximation. They predicted almost 180%
increase in dendrimer size as the ionic concentration and pH of the solvent are changed from very high to very low. However, these studies didn't include the effect of explicit counterions which has very important implications as has been shown by later studies. Later Baker and co-workers 47 using fully atomistic model of PAMAM dendrimer including explicit water and counterions showed in agreement with the results of Welch and Muthukumar that indeed there is significant swelling in the size of the dendrimer in changing the pH of the solution from high to low. However, the explicit water and ion studies were limited to only generation 2 (G2) PAMAM dendrimer and higher generation studies approximated the presence of water using an effective dielectric medium.
However, this finding was later contradicted by Terao et. al 48 who studied the pH dependence of model dendrimers (up to G7) using Stochastic Molecular dynamics simulation. Using a short spacer length for G7 dendrimer they observe no size change as a function of pH. To investigate the pH dependence issues further we undertook studies of few generations PAMAM dendrimer in explicit water and ions and elucidated the effect of changing pH on the structure of PAMAM dendrimers 49, 50 . However, due to computational cost these studies were limited to only G4-G6 and the simulations were of shorter duration (for few hundred ps only) except for G8 PAMAM dendrimer for which we have performed ~20 ns long MD simulation at various pH conditions 50 57 .
The paper is organized as follows: in section 2 we give details of building of atomic level model of PAMAM dendrimer of various generations, discuss how we take into account the pH effect and
give details of simulation methodologies. In section 3 we give results from our long time MD simulations and finally in section 4 we give a brief summary of the main results and conclude.
Model building and Simulation details
We have generated the initial 3 dimensional atomistic structures of PAMAM dendrimers using the CCBB Monte Carlo method 41, 58 . The details of the CCBB technique can be found in our earlier publication 41, 59 . For completeness we give here a short summary of the method. The D r a f t continuous configurational biased (CCB) direct Monte Carlo method is based on the independent rotational sampling (IRS). In IRS method, torsions in the polymer chains are sampled using a weighting function based on the Boltzmann factor of the torsion energy E t . For IRS, the normalized torsion weighting function (TWF), W IRS is defined as
where,
However, the possibility of spatial overlaps between nonbonding atoms can not be excluded in IRS and configurations with impossibly high energy will be generated.
In order to remedy this, nonbonding interactions in the vicinity of the growing chain end and within a cutoff sphere of radius R C are introduced to the TWF calculation. So, the Boltzmann factor for the nonbonding energy inside the cutoff sphere W CCB , is written as
here atom j belongs to the growing chain end group and atom k is one of the atoms in the grown polymer chains. And Θ(R) is the Heavyside step function, namely Θ(R)=0 when R<0 and Θ(R)=1 when R≥0.
D r a f t
The torsion energy and nonbond energy within the cutoff radius of growing end were calculated before each chain sampling step for a fixed number of grid points equally separated from 0 to 2π. This helps evaluation of W IRS . P IRS (φ) is defined as the auxiliary distribution and is given
A random number ξ, uniformly distributed in the interval [0,1), is drawn and the torsion angle is obtained by requiring
We have applied the CCB technique to generate 3-d atomistic model of PAMAM dendrimers of generations 1-11, supramolecular assemblies of spherical and cylindrical giant liquid crystalline structure synthesized by Percec and coworkers 60 and various other polymers 61, 62 .
The initial structure generated though CCB scheme were then subjected to Conjugate Gradient optimization to obtain lower energy configurations. We further annealed the minimized structures at very high temperature and cooled down to room temperature. Then 200-400 ps of dynamics were performed at room temperature in the absence of explicit solvent. The final dynamic structure after 200-400 ps runs was protonated at various levels to mimic the pH condition of the solvent. For pH variation we followed the following convention in accordance with the potentiometric titration studies 12 which demonstrated that: at high pH (~12) none of the primary and tertiary amines are protonated, at neutral pH (~7) almost all the primary amines are protonated and at low pH (~4) all the tertiary amines are also protonated. Baker and co-workers 47 have also used similar conventions in their earlier work. Accordingly, the number of atoms as well as the net charge on the dendrimer change in going from high pH to low pH. In Table 1 we give the summary of the structural information of PAMAM dendrimer at various pH. Charges on the dendrimer monomer at various generations at various pH was calculated using the Qeq charge equilibration 63 method. For neutral pH where all the primary amines are protonated, we found that the change of atomic charges is quite localized; and hence we recalculated only their charges on terminal monomers. However, for low pH where both primary and tertiary amines are protonated, the charge was distributed to the D r a f t added proton only for the tertiary proton site. Using the LEAP module in AMBER 64 , PAMAM dendrimer of various generation at various protonation levels was immersed in a water box using the TIP3P model for water. The box dimensions were chosen in order to ensure a 10Å solvation shell around the dendrimer structure. In addition, for the high and low pH cases, some waters were replaced by Cl -counter ions to neutralize the positive charge on the protonated primary and tertiary amine sites on the dendrimer structures. This procedure resulted in solvated structures, containing for example 120,750 atoms for high pH, 120,770 atoms for neutral pH and 156,738 atoms for low pH for various protonation levels of G8 dendrimer. MD simulation was performed using the SANDER module and PMEMD of AMBER8 64 software suite, using the Dreiding force field 65 .
The solvated structures were subjected to 1000 steps of steepest descent minimization of potential energy, followed by another 2000 steps of conjugate gradient minimization. During this minimization the dendrimer structure was kept fixed in their starting conformations using a harmonic constraint with a force constant of 500 kcal/mol/Å 2 . This allowed the reorganization of the water molecules to eliminate bad contacts with the dendrimer structure. The minimized structure was then subjected to 45 ps of MD, with 2 fs time step. During the dynamics, the system was gradually heated from 0 to 300 K with harmonic constraints on the solute using the SHAKE method. This was followed by 200 ps constant volume -constant temperature (NVT) dynamics with a temperature-coupling constant of 0.5-1.0 ps on the solute. Finally, 10-20 ns NPT unrestrained production dynamics was carried out with a time constant for heat bath coupling of 1 ps. Such long time was required to get the equilibration of the system. The electrostatics interactions were evaluated with the Particle Mesh Ewald 66 (PME) method, using a real space cut off of 9Å.
Results

Size of the dendrimer
Presence of good solvent like water and electrostatics repulsion between the charges at primary/tertiary amine sites make the dendrimer structure swell significantly at various pH Table 2 gives the value of R g for various generation PAMAM dendrimers at different pH levels. In Figure 1 we have shown the variation of radius of gyration R g as a function of generation at different pH levels. We see significant size change in going from high pH to neutral pH. But the size remains almost invariant in going from neutral to low pH within the calculation time of our simulation (~10 ns in most cases, occasionally 20 ns long for some generations). Even though there is no significant size change in going from neutral to low pH, there is very large conformational change in the interior of the dendrimer which are evident from other measurement like water contents, void area and volume as discussed below. The size invariance of the dendrimer in going from neutral to low pH contradicts our earlier finding where we have shown size increase in going from neutral to low pH. This might be an artifact of shorter duration of simulation in our earlier work as well as use different force-field for water and ions.
However, this size invariance is in agreement with the recent neutron scattering study on G4 PAMAM dendrimer 67 . To understand our present results we can envisage several possible scenarios. Gurtovenko et. al. 51 and hence the degree of swelling. To understand the local charge neutrality further in figure 2 (a) we plot the total charge density (dendrimer monomer plus counterions) for G4 and G7 dendrimer at neutral and low pH. We see a larger regime of charge neutrality at low pH compared to neutral pH.
D r a f t
This is due to the larger number of counterions within the interior of dendrimer at low pH as is evident from figure 2(b) . The higher degree of local charge neutrality results in the cancellation of electrostatic repulsion and hence no significant increase in swelling at low pH. It would be interesting to carry out fully atomistic simulation like those presented here by gradual changing of Debye length in the range studied by Welch and Muthukumar and come up with the correct regime where swelling phenomena can occur and beyond which one may expect size invariance. This will require significant computation cost but nevertheless not a distant goal. pH dependent charge states and the degree of counterion condensation also determines the zeta potential of the dendrimer 54 and control its interaction with lipid bilayer membrane 68 .
Water contents
In the previous section we saw that there is significant change in size of the dendrimer in going from bad solvent to good solvent like water. The degree of swelling further increases with the increase in protonation level of the dendrimer at neutral and low pH. Due to this swelling the interior of the dendrimer opens up and become accessible to the solvent. Consequently, we see that large number of water molecules have penetrated throughout the interior of the dendrimer. In Figure 3 (a)-(b) we have plotted the radial monomer density for G4 and G7 PAMAM dendrimer respectively in water at varying pH conditions. The average radial monomer density is computed by counting the number of atoms whose centers of mass are located within the spherical shell of radius r and thickness ∆r. For G4 we find that in the presence of solvent (whether neutral or low pH) the monomer density shows a filled core picture with a density maxima at the core and then shows a minimum at around 10 Å away from the core. This indicates a dense core compared to the middle of the dendrimer, which is fairly hollow. Due to this hollowness at the middle regions of the dendrimer, a significant number of waters penetrate to the middle of the dendrimer. The water density profiles shown in figure 3 (a) supports this picture. Similar density profiles are observed up to G6. We should mention here that appearance of the minimum at certain distance from the core is visible only in simulation with explicit water and ions and will not be observed in gas phase simulation as well in as in coarse-grained model simulation. Beyond G6 the density minima at around 10 Å away from the core vanishes as can be seen from figure 3(b) where we have shown the density profile for G7 at various pH. Similar density profile is also observed for G8. For G7 and G8 (these are the maximum generations studied till date in explicit water and ions at various pH) D r a f t the dense core regimes continues further outward and there is large regime of constant density zone in the middle of the dendrimer after which density start decreasing. For these generations also there are large numbers of water penetrating inside the core of the dendrimer. We see that at neutral and low pH when primary and tertiary amines are protonated there is significant increase in the density of water near the core region of the dendrimer compared to the high pH case when none of the amines are protonated. The water density profile shown in figure indicates that large pool of water is available in the interior of the dendrimer which can be used for various applications. To see the change in solvent penetration as the size of the dendrimer increase with generation we have shown the density profile for water molecules for various generation dendrimers at neutral pH in figure 4 (a). The density profile for the high pH and low pH show similar behavior. The water density gradually increases as we go radially outward from the center-of-mass of the dendrimer and reaches a constant bulk-like value before decreasing again due to finite size effects. A quantitative estimate of the solvent penetration is given by counting the number of waters bound within the interior of the dendrimer. Due to the non-uniformity of the dendrimer surface special care must be taken to identify the bound water, as simple spherical cutoff will overestimate the numbers of waters within the dendrimer. To have an accurate estimate of the number of bound water we have used following criteria: We first calculated the molecular surface area (MSA) for each of the dendrimer atom using a large probe radius (6 Å). With this probe radius the generated surface of the dendrimer becomes almost spherical and smooth. Those atoms with non-zero MSA represent the surface atoms of the dendrimer. Using these surface atoms we identify all the surface waters that are within 4 Å of the surface atoms. Next we identify all the waters close to the inner atoms (with zero MSA) excluding all the previously defined surface waters. The number of bound waters calculated this way is shown in figure 4 (b) and has also been given in Table 3 . For example for G4
we have 3 water/primary amine group at high pH and 5 water/tertiary amine group at low pH. The water content increases dramatically for G7 PAMAM dendrimer: 6 water/ primary amine group at high pH and 8 water/tertiary amine group at low pH. Note that the number of inner water for G4-G6 PAMAM dendrimer at various pH levels is slightly different from our earlier reported results
49
.
This could be due to the use of different water (F3C vs TIP3P) potential used in our simulation.
This significant penetration of solvent molecules inside the dendrimer structure is in agreement with the recent SANS studies on poly (benzyl ether) 69 and polycarbosilane dendrimers 70 . Such large water content inside the dendrimer make it a nano-reactor and can help various catalytic D r a f t activities within the inner envelope of dendrimer. Earlier we have also shown 49 that these waters can have very different thermodynamics properties compared to the bulk water. Our estimate of number of inner water can also help explain the large number Cu (II) binding by dendrimer in experimental observations 33 . It is also worth mentioning that the amount of water trapped inside dendrimer of various architecture, and their wet/dry weight ratio has also been recently investigated by means of well-tempered metadynamics 71 .
Solvent accessible molecular surface and volume
To demonstrate the pH controlled sponge action we have also computed the solvent accessible surface area (SASA) and solvent excluded volume (SAV) for various generation dendrimers and show how they change as a function of pH change. For the calculation of SASA and solvent accessible volume we have used Analytical volume generalized Born (AVGB) method developed in Goddard group 72 . AVGB is very fast and accurate and has been applied successfully to study solvation effects in biological systems 73 as well estimating SASA in various DNA based nanostructures 74, 75 . The SASA is defined as the surface traced by the center of a spherical solvent probe as it rolls around the van der Waals spheres of the solute (in this case dendrimer).
Figures 5(a)-(b) plot
SASA
A as a function of probe radius for PAMAM dendrimers for generations 2 to 7 at high pH and neutral pH solvent conditions. The plot for low pH is qualitatively similar to those at high and neutral pH. These plots show that the SASA increases linearly with the probe radius (except for small probe radius). For small probe radius the deviations from the linear behavior is due to the presence of extra surface in the interior of dendrimer. We see that the available internal surface area increases with the increase in dendrimer generation as well as protonation level. The difference between the calculated points and the line in Figure 5 gives an estimate of the available internal surface area. Table 4 figure 7(b) . The nanosponge concept is also closely related to the idea of host/guest properties of dendrimers and makes dendrimer suitable for drug delivery 7, 76 . Recently, we have analyzed the release pattern behaviour of four ligands (two soluble drugs namely Salicylic acid (Sal), L-Alanine (Ala) and two insoluble drugs namely Phenylbutazone (Pbz), Primidone (Prim)) which were initially encapsulated inside the dendrimer using docking method. Our simulation study provides a microscopic picture of the encapsulation and controlled release of drugs in the case of dendrimer based host-guest systems 77 .
This tight correlation between ability to host guests and to incorporate water has also been described There is significant change in size of the dendrimer in going from bad solvent to good solvent. The size increases further in changing the pH of the solvent from 10 (corresponding to high pH case) to 7 (corresponding to neutral pH). However, we don't observe significant size variation in going from neutral to low pH and we argued this effect in terms of the local charge neutrality as a consequence of large counterions penetration in the interior of the dendrimer. How the size changes as one gradually increases in the Debye length will be the subject of future study. As the dendrimer swells significantly in going from high to neutral pH a large number of water penetrates in the interior of the dendrimer and affects the conformation and gets reflected in the monomer and water density distribution. At low pH even though there is no change in size, we do observe significant conformational change as can be seen from the monomer density distribution as well as in increase in the number of water present in the interior of dendrimer. With the lowering of solvent pH due to electrostatics repulsion between the charged primary/tertiary amine groups as well as favorable polar interaction with the water molecules, the interior of the dendrimer opens up with internal cavities available inside. Consequently the available internal solvent accessible surface area and volume dramatically increases as a function of pH as well as with increasing generation. For example for G7 in going from high pH to neutral pH there is almost 180% increase in the available SASA and 210% increase in available SAV for a probe radius of 1. 
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